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PROCESS Ai'KLYSIS OF COAL HYDROGASIFICATION 
!JITH S W I  twD RECYCLED HYDROGEU 

C .  G .  von Fredersdorff 
I n s t i t u t e  of Gas Technolojg 

Chicago, I l l i n o i s  

Processes cur ren t ly  under inves t iga t ion  f o r  the production of 
p i p e l i n e  gas when needed comprise 1) d i r e c t  pressure hydrogenation 
o r  hydrogasif icat ion of hydrocarbopaceous a a t e r i a l s  a s  coal ana o i l  
sha le  and 2 )  c a t a l y t i c  conversion t o  methane of synthesis  gas from 
c o a l  g a s i f i c a t i c n .  Although t h e  l a t t e r  i s  the  technica l ly  more ad- 
vanced method f o r  synthes is  of high heat ing value gases ,  coal  hydro- 
g a s i f i c a t i o n  i s  considered t h e  more acceptable  process foy adoption 
f o r  t h r e e  pnincipal Seasons 1) achievable l a r g e  reduct ion t o  p o t e n t i a l  
e l imina t ion  of oxygen requirements 2 )  e l imina t ion  of s u l f u r  p u r i f i c a -  
t i c n  necess i ty  except i n  product gas ,  and 3 )  improvement i n  t h e m 1  
e f f i c i e n c y  through reduct ion  o f  exothermic heats  of reac t ion .  

The hydrogasif icat ion process  requi res  e x t e r m l  hydrogen, vhich, 
a s  w i t h  the sxynchesi-s gas methanation process,  i s  obtained, of course,  
through s t e a n  decomposition. The r e q u i s i t e  steam decomposition pro- 
ceeds either;  by 1) c a t a l y t i c  o r  par t ia l -conbus t ion  reforming of a por- 
t i o n  of the product gas o r  of the primary n a t u r a l  gas supply prefer -  
a b l y  i n  those instances vhere riearly complete conversion of s o l i d  f u e l s  
t o  high 3tu gas may be r e a l i z e d ,  i . e .  hydrogasif icat ion of l i g n i t e ,  
r e a c t i v e  con-caking subbicuminous coa ls  and chars ,  o i l  shale  and t a r  
sands o r  2 )  oxygen-steam g a s i f i c a t i o n  of s o l i d  f u e l  res idues from i n -  
complete hydrogasif icat ion of l e s s  r e a c t i v e  coa ls  and coa l  chars .  
Generally,  pressure hydrogasif  i c a t i o n  w i l l  not r e a d i l y  convert much 
over 50% of the carbonaceous rnatter of most bituminous coa ls ,  and due 
t o  thermodynamic and k i n e t i c  l i m i t a t i o n s ,  product gases contain moder- 
a t e q u a n t i t i e s  of u-nrea c t e d hydrogen . 

Since cos ts  chargeable t o  hydrogen prcduct ion represent  a major 
p o r t i o n  of the t o t a l  cos t  of p i p e l i n e  gas,  a p o t e n t i a l l y  advantageous * 
modif icat ion of  the coa l  hydrogas i f ica t ion  process comprises 1) methane 
separa t ion  by l i q u e f a c t i o n  o r  o t h e r  s u i t a b l e  means to  insure  maximun 
hea t ing  value of the  product gas 2 )  recycl ing of the  recovered hydrogen 
t o  i n s u r e  f u l l  u t i l i z a t i o n  o f  the  gas i fy ing  medium and 3 )  admission of 
steam i n  the  reac tor  hydrogas i f ica t ion  zone t o  promote addi t iona l  hydro- 
gen forna t ion  via steam decomposition from t h e  exothermic heat of the 
coa l  hydrogenation r e a c t i o n s ,  thereby improving t h e  heat balance and 
f u r t h e r  decreasing f u e l  requirements.  To be economically a t t r a c t i v e  
the  advantages gained must, of  course,  outweigh t h e  cost  increment of 
product gas separat ion.  

coa l  by simultaneous r e a c t i o n  with steam and recycled hydrogen a t  
e levated pressure and temperature t o  achieve a s  near  a s  poss ib le  a ther-  
mal balance between exothermic and endothermic reac t ions  and t o  sub- 
s t a n t i a l l y  e l iminate  e x t e r n a l  hydrogen requirements.  
duced i n t e r n a l l y  by t h i s  scheme vould be supplenented by water-gas s h i f t  
of t h e  hot product gas  w i t h  a d d i t i o n a l  steam t o  convert  a v a i l a b l e  carbon 
monoxide. An eva lua t ion  of  process  f e a s i b i l i t y  requi res  a t h e m o d p m i c  

The key concept of  the  hydrogen recycle  process i s  g a s i f i c a t i o n  Of 
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analys is  of the  C-H2-H20 and C-Hz-HzO-Oz systems supplemented with 
i n t e r p r e t a t i o n  of a v a i l a b l e  k i n e t i c  da ta .  

I .  Def in i t ion  of the  Process 

t i o n  process .  Recycled hydrogen i s  assumed a t  8 0 0 ~ ~ .  through heat 
exchange :ri th t h e  product gas.  
to  1000°?. f r o n  an ex terna l  source.  For fixed-bed operabion t h e  
s o l i d  f u e l  may be fed a t  the top of t h e  r e a c t o r ,  and f o r  fluid-bed 
operat ion the  coal  charge may be in jec ted  with t h e  hydrogen feed 
stream. Af te r  prel iminary cleaning of d u s t ,  t h e  rav  gas ,  comprising 
e s s e n t i a l l y  CE4, &, CO, COz and unreacted steam i s  passed t o  ca t -  
ol j r t ic  ! ia ter-gas-shif t .  The gas, then a t  approxi-nately 1000°F., i s  
cooled i n  the  hydrogen recycle  heat  exchanger, scrubbed with water to  
condense unreacted steam, and pur i f ied  of C O z ,  H2S and other  s u l f u r  
.oear;inZ gases p r i o r  t o  methane separa t ion  by l i q u e f a c t i o n .  
sImngece?.t of heat  exchan&ers a s  shovn would be necessary t o  pre-  
serve r e f r i g e r a t i o n  e c o n o q  i n  l iquefac t ion .  
be vaporized arid the cold ?I2 reheated by the incoaing varm gases .  
::aim 3 2  1s recompressed by a booster t o  complete the recycle  c i r c u i t .  

T i i t s  process may not necessar i ly  requi re  a water-gas s h i f t  s tep ,  
i n  rrhich event the recycled gas comprises e mixture of hgdrogen v i t h  
r iodero tc  etxcucts of carbon monoxide. Sotze CO s h i f t  vould  presumably 
S C ~ L I ?  i n  the  g a s i f i c a t i o n  reactor  i t s e l f ,  s ince  ;noderate excess steam 
riould ol!iays be present  a t  the recyc le  gas in t roduct ion  poin t .  How- 
e w ~ ,  the nresence of CO m y  i n t e r f e r e  i.rith the  e f f i c i e n t  separat ion 
of C!iz 5--- lioue.?oction. If B vater-gas  s h i f t  r e a c t o r  i s  used, then 
Lne uet;kiniF could be SeDaPated f r o o  the c ~ ~ - R ~  nis t ; J re  by molecular 
e f fus ion  i n  "diffusion" cascades,  as  an a l t e r n a t i v e  t o  l iquefac t ion .  

d i _ t i m s  of the r e c t o r  i t  i s  esscmed t h a t  recycled jias c o n s i s t s  of 
hydrogen only.  The inportant  var iab les  t o  be es tab l i shed  a r e  tem9era- . 
L u l - 2 ~  326 -,ressl?v-q U _ L r  t o  m a l e  t h e  pmcess  therxodynamically f e a s i b l e .  
The c r i t e r i o  of f e a s i b i l i t y  a r e  1) heat requirezents  of the r e a c t o r  
ner XCT of net'lane pmduced, 2nd 2 )  r a t i o  of hydpogen p r d  uced t o  
hydrogen consur.;ed i n  the p m c e s s .  
hezt e f f e c t s  of the C-H2-H20 s y s t e n  i s  f i r s t  necessary t o  e s t a b l i s h  
:.%ether the  mocess  can be ogerated r.rithout oxygen a s  a source of heat 
through pa ii t l a  1 conbus t ion. 
11. Thei-i;;odgnsnLc Analysis of C-H2-H20 System 
A .  ikf i n i n g  Zqua Lions 

F ig .  1 shows a schematic diagram of the  proposed coal g a s i f i c a -  

Process steam i s  assumedisuperheated 

Some 

The l i q u i d  methane could 
The 

,. , 

I n  the  process a n a l y s i s ,  vhich t r i l l  be d i rec ted  t o  operat ing con- 

+An a n a l y s i s  of the e q u i l i b r i a  and 

Tke system i s  completely defi-ned by t h e  r e a c t i o n s :  
c + TI2 - cEI4 Reaction 1 
c + HZ0 - co + H2 Reaction 2 

Reaction. 3 CO + R20 ----t COz + H2 
The concentrat ions of t h e  f i v e  gaseous components me solved by a pro- 
cedure of Parent and Katz.' 
t ionships  a r e :  

T'ne mater ia l  balance (Table 1) and r e l a -  
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Table l.-PUWIAL EiALANCE OF TTE C-H2-H20 SYSW 
I n i t i a l  Amount Equilibrium Equilibrium Molar 

Moles/Mole Inlet  P a r t i a l  Pressure, Q u a n t i t i e s ,  Males/ 
ComDonent Steam Atrn. Mole Inlet Steam 

-- C excess 
Hz a ' X  
Hz0 1 . 0  Y 
co 0 Z 
co 2 
m 

Tota l  

0 
0 

M w 
T 

a )  Reaction 1. Equilibrium, f o r  i d e a l  gases 
Kl  = W/T X2 

where = a c t i v i t y  of carbon t o  hydrogenation 

b )  Reaction 2. Equilibrium, for i d e a l  gases 
K2 = ZX/%" Y 

\There z' = a c t i v i t y  of carbon t o  steam 

c )  Reaction 3 .  Equilibrium, f o r  i d e a l  gases 

d )  Hydrogen balance 

e )  0,xygen balance 

f )  Carbon balance 

K3 = WZY 

a = x + y + 2 w - l  

y + z + 2 n l = l  

c = z + m + w = moles carbon g a s i f i e d  p e r  mole 
g i n l e t  steam 

g )  Total  pressure 

h )  Total  moles a t  equi l ibr ium 
F = X + Y  + z + M  i - w  

N = x + g +  z + m + v  

-- 
X 

Z 
D 

Y 

4- 

( 7 )  

The following s o l u t i o n  from Equations 1, 2 ,  3 and 7 obta ins :  
a )  CH4 p a r t i a l  p ressure ,  A t m  

kr = K~ x2 ( 9  1 
b )  H20 p a r t i a l  p ressure ,  A t m  

c )  CO p a r t i a l  p ressure ,  A t m  
z = K2y Yc.!/x 
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d )  c02 p a r t i a l  p ressure ,  A t m  

For se lec ted  temperature, t o t a l  p ressure  and assumed carbon activity, 
equi l ibr ium p a r t i a l  p ressures  a r e  computed successively by ass igning  
a r b i t r a r y  X values ,  o r  hydrogen p a r t i a l  p ressure .  Molar q u a n t i t i e s  
a r e  found from: 
a )  mu l t ip l i ca t ion  o f  the o;cggen ba lance  (Equation 5 )  by P/N, f ie ld ing:  

b )  law of add i t lve  pressures :  

M = P - X - Y - Z - W = &YZ/X (12) 

N = P/ [Y + Z + 2 4  (13) 

x = NX/P, y = E / P ,  z = NZ/P, m = NM/P, w = Nw/P (14) 
The required H2/H20 in le t  molar r a t i o  f o r  t he  system, from Equation 

4, must be zero o r  p o s i t i v e  f o r  a va l id  so lu t ion .  Equation 6 y i e lds  the 
quan t i ty  of carbon g a s i f i e d ,  and the gas composition i s  defined by the 
molar q u a n t i t i e s .  The f r a c t i o n  of steam decomposed, SD, i s  given by: 

SD = 1-y (15) 

produced t o  hydrogen consumed, tak ing  i n t o  account the  CO a s  equivalent  
to  hydrogen, 

(16) 

One c r i t e r i o n  of  process  f e a s i b i l i t y  i s  t he  r a t i o ,  R ,  of hydrogen 

= l-;,~ , moles RP ava i l ab le  
uoles  HP consumed 

As a bas i s  f o r  co r rec t ion  o f  R f o r  ac tua l  fuels ,  eGerimenta1 
da ta  of Channabassappa and Linden on bituninous coa l  containing about 
75 weight $ carbon, and 5 weight $ hydrogen, ( d q  b a s i s )  i nd ica t e  tha t  
approxira t e l y  805 o f  the  coa l  f e e d  hydrogen content appears a s  CH4 and 
higher  hydrocarbons i n  the product gas.' 
t i t y  of h drogen ava i l ab le  from coal  f o r  hydrogas i f ica t ion ,  emressed  
a s  molesJole i n l e t  steam, i s  the re fo re  taken t o  be 0.8 rH C , where 
RH = hydrogen/carbon molar r a t i o  i n  coa l ,  and f = f r a c t i o n  carbon gas- 

An approxi ra t ion  o f  the quan- 

g"" 
i f i e d .  With a coal feed conta ln lng  75 w e i  
95% carbon g a s i f i c a t i o n ,  t h i s  becomes (0.8 = 0.336 c The 

weignt $ H, and 
g' 

corrected r a t i o ,  R ' ,  hydrogen ava i l ab le  t o  hydrogen consumed, may be 
wr i t t en  f o r  t h i s  case: 

l -y+~+O.  3 3 6 ~  
2w R '  = g (cor rec ted  f o r  coa l )  (17) 

The recyc le  g a s i f i c a t i o n  process  w l l l  be independent of  an  ex te rna l  
source of hydrogen i f  R 1 =  1 . 0 .  

t he  system, &HR, in Btu/lb.  uo le  C& produced. 
The second t e s t  of  process f e a s i b i l i t y  i s  the  net  heat  e f f e c t  O f  . 

(18) 

This i s  given by: 

 AH^   AH^ + ?  1 [(i-m-y) A H =  + ~ A G  + c AH, i a  AH^ g 6 2  

+ A 'H&] 
where A H l ,  AH2, A& = heat  of r eac t ion ,  i n  Btu/lb. mole, of Reactions 
1, 2 and 3 ,  respec t ive ly ,  ?with r eac t an t s  and products a t  t he  tenperature  
of  the system, and p H  = enthalpy of r eac t an t ,  Btu/lb. mole, between 
inlet  and system o u t l e t  temperature. 

Thermodynamic e q u i l l b r i u n  cons tan ts  and enthalpy da ta  of the  Bureau 
of Standards12 were used i n  a l l  ca l cu la t ions .  

I 
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B. Xquilibrium Computations 

50,100 and 200 atmospheres, and 1000, 1100, 1200 and 1300 K. with 
60°F. i n l e t  carbon, 1000'F. inlet  steam, and 800'F. recycled hydro- 
gen. The a c t i v i t y  of carbon, y' , with respec t  t o  t h e  carbon-steam 
Reaction 2 i s  taken a t  un i ty  i n c a l l  cases. '  Since experimental re -  
s u l t s  on coal  hydrogenation have demonstrated t h a t  methane concentra- 
t i o n s  based on ,&-yaphite-hydrogen equi l ibr ium can be exceeded by 
a s  much a s  10-20$, i t  i s  necessary t o  consider  a t  l e a s t  two a c t i v i -  
ties of t h e  carbon, i . e . ,  Y = 1 . 0  and 1 .5 ,  with respect  t o  the car -  
bon-hydrogen Reaction 1. T8e choice of % = 1.5 r e s u l t s  i n  C2& con- 
cent ra t ions  approximately 20% i n  excess o f p  -graphite-hydrogen e q u i l  
i b r  ium . 
on an ALUAC I11 d i & i t a l  computer, a r e  l i s t e d  i n  Table 2; although 
many more r e s u l t s  vere  obtained than  a r e  tabula ted  there ,  those pre- 
sented a r e  se lec ted  a s  representa t ive  of condi t ions f o r  which t h e  
r a t i o s :  H2 ava i lab le& consumed, a r e  v i t h i n  t h e  range 0.5-1.4. These 
data can be p l o t t e d  aga ins t  Ha/H20 inlet  molar r a t i o  t o  determine con- 
d i t i o n s  f o r  which R i s  exac t ly  1 .0 ,  t h e  poin t  a t  which the process, a t  
equi l ibr ium, ;Jould be independent of e x t e r n a l  hydrogen. 

Typical p l o t s  over a *Ade range of H2/H20 inlet  molar r a t i o s  a r e  
given i n  Fi . 2 for 200 atmospheres, 7' = 1 . 0 ,  1200'K. (1700'F.) and 
1300'K. (1880'F. ) . 
and heat e f f e c t s  a r e  shown, and trro curves for H2 avai lable/H2 consumed 
a r e  included: one f o r  pure carbon and one fa? coa l  contair.ing 75 weight 
5 C and 5 weight $ H. 
= 1200'K. (17OO0P.), and Y = 1 . 0  (F ig .  2A), t h a t  a t  a 1 . 0  r a t i o  of H2 
available/H, consumed, w i t 8  coa l  a s  f u e l ,  the process  i s  endothermic 
by 15,000 B t u / l b .  mole  C&, and t h a t  the equi l ibr ium a concent i s  
near ly  3 0 s  (ve t  b a s i s ) .  Tine endothermicity decreases  with increasing 
H2/X20 inlet  molar r a t i o ;  hoirever, the  r a t i o  of Ea available/H2 pro- 
dnced a l s o  decreases .  Thus a t  ex t rene ly  high H2/H20 inlet molar r a t i o s  
t h e  process approaches thermal balance,  but requi res  e s t e r n a l  hydrogen. 
A t  lo-d Ei2/H20 i n l e t  molar r a t i o s  t h e  process has s u f f i c i e n t  hydrogen, 
but lacks  hea t .  
molar r a t i o s  t h e  endothermic steam decomposition reac t ions  predomiriate 
because steam i s  present  i n  l a r g e  excess ,  whereas a t  high Ha/H20 inlet  
molar r a t i o s ,  t h e  exothermic hydrogenation reac t ions  predominate, s ince  
hydrogen i s  ?resen: i n  l a r g e  excess .  

Therefore,  the process c a m o t  a t t a i n  a self-balanced condi t ion 
from t h e  standpotnt of both hydrogen and heat requireuents  a t  200 a t -  
nospheres, 1200'K. (17OO0F.), with 1000'F. preheated steam and 800'~. 
preheated hydrogen. The same r e s u l t s  a r e  observed a t  200 atmospheres, 
l ; l O O o i C .  (1800'F.), and = 1 . 0  (F ig .  29 ) ,  where, with a 1 . 0  r a t i o  o f  
HZ available/H2 consumedCfor c o a l  a s  f u e l ,  the  heat requirement i s  
near ly  50,000 Btu/lb. mole CHI. 
given i n  Table 2 shows t h a t  process  heat requirements a r e  i n  the  range 
25,000-100,000 Btu/lb. mole CH4 a t  t h e  opera t ing  poin t  determined by a 
1 .0  r a t i o  of Ha available/H2 produced. This heat def ic iency w i l l  a l -  
ways p r e v a i l  a t  a l l  poss ib le  g a s i f i c a t i o n  temperatures.  

Al te rna te  methods f o r  supplying the heat  requirements a re  1) high 
preheat of r e a c t a n t s ,  2 )  i n d i r e c t  i n t e r n a l  heat  exchange with a high- 
temperature hea t  t r a n s f e r  f l u i d ,  o r  3 )  p a r c i a l  combustion of coal  with 
oxygen wi th in  t h e  r e a c t o r .  In view of t h e  l a r g e  hea t  def ic iency and 
t h e  need f o r  rapid heat  t r a n s f e r ,  the  t h i r d  a l t e r n a t i v e  appears most 
a t t r a c t i v e .  This  au tomat ica l ly  provides a high-temperature zone where 
a p o r t i o n  of t h e  inlet  steam i s  r a p i d l y  decomposed, des i rab le  because 

The range of var iab les  considered f o r  the  C-H2-HnO sgstem a r e  

Resul ts  of the  computations, t h e  majori ty  of which were performed 

I n  these p l o t s  thecequi l ibr ium gas compositions 

It can be seen f o r  the condi t ions 200 atmospheres, 

T h i s  i s  as  a n t i c i p a t e d ,  si-nce a t  low H2/H20 i n l e t  

A n  examination of a l l  o ther  conditions 
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HEAT EFFECT FOR PURE CARBON WITH 
800.~. n,. 1000.~. STEAM 

0 ,  

A 1200OK. 1300 'K .  B 
HEAT EFFECT FOR PURE CARBON WITH 

8OO.F. H,. 1000.F. STEAM 

\ 
\- 

50 

4 0  

30 

20 

10 

0 
0 0.5 1.0 I 3  2.0 2.5 3.0 3.5 

H p / H p O  INLET MOLAR RATIO H p / H p O  INLET MOLAR RATIO 

Fiz. 2.-3FFZCT OF H2/:i20 =TI0 ON ZQUILI3RrUTi.I GAS C O P P O S I T I O N ,  
HP ?ROD;CTIO~~/CONS~biPTION RATIO, AND N3T HEAT EFFECT, FOR THE 
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steam decomposition r a t e s  a r e  r e l a t i v e l y  slow a t  the  temperatures most 
favorable  to  high methane product ion r a t e s .  Since equi l ibr ium steam 
decompositions cannot be achieved i n  p rac t i ce ,  the  C-H2-H20 system 
with oxygen admission i s  analyzed below on t h e  more r e a l i s t i c  baz is  of 
equi l ibr ium a t ta ined  only i n  the' carbon-hydrogen and water-gas-shift  
reac t ions ,  w i t h  a r b i t r a r y  assignment of steam decomposition values .  
111. Thermodynamic Analysis o f  C-H2-H20-02 Sys tem with Arbitra,ry Inlet 

Steam Decomposition. 

The system i s  completely defined by Reactions 1 and 3 i n  equ i l ib -  
. A .  Defining Equations 

rium, Reaction 2 nonequi l ibr tun,  and Reaction 4 t o  completion: 

The method of so lu t ion  i s  s i m i l a r  t o  tha t  given for t h e  C-H2-H20 system. 
The mater ia l  balance i s  given I n  Table 3 .  

c + 02 - cog . Reaction 4 

Table 3.-!dVEFUAL EALAiTCE OF THE C-H2-H20 SYSrnl ldTTH 0,XYGZ.N 

. .  Moles/lvIole Inlet P a r t i a l  Pressure,  Quan t i t i e s ,  tt!o!oles/ 
I n i t i a l  Amount Equilibrium Equilibrium Molar 

Component Steam Atm. Mole I r J e t  Steam 
-- -- C excess 

b 0 0 
a X X 

1.0 Y Y 
0 Z Z 
0 M m 

T + CH4 0 w 
.. Tota l  

All previous mater ia l  balance and equi l ibr ium r e l a  t ionships  apply except 
that Equation 2 i s  not  used, and the  new oxygen balance becomes: 

By manipulation o f  Equations 1, 3 ,  7, 15 and 19, t he  so lu t ion  f o r  p a r t i a l  
pressures  and t o t a l  moles a t  equi l ibr ium may be wr i t t en  i n  i t e r a t i v e  form: 
a )  CH4 p a r t i a l  pressure,  A t m .  

b )  CO p a r t i a l  pressure,  Atm.' 

y + z + 2m = 1 + 2b (19) 

w = IC1 Yc x 2  ( 9  1 

SD + 2b where d = 

e = P - X - ?.i 
SD = f r a c t i o n  steam decomposed 

c )  C02 p a r t i a l  pressure,  A t m .  
M = Z  

4 s - 2 1  
d )  H20 ' g a r t i a l  pressure,  A t m .  

e )  Total  moles a t  equiliSrium/mole inlet  steam 
Y = P-X-M-2-W = XM/&Z 

( 2 1 )  

( 2 2 )  
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M = P(1+2b)/(Y f Z f 2M) 
By assigning a r b i t r a r y  X (H2 p a r t i a l  p ressure)  values ,  equi l ibr ium 
concentrations of a l l  o t h e r  components a r e  computed f o r  a given temp- 
e r a t u r e ,  p ressure ,  oxygen/stearn inlet  molar r a t i o ,  assumed steam de- 
composition and assumed a c t i v i t y  of the  carbon. Gas compositions a r e  
conputed from Equation lb, and the  amount of carbon g a s i f i e d  from 
Equation 6 .  
f o r  the case of pure carbon a s  g a s i f i c a t i o n  f u e l .  The r a t i o  may be 
corrected f o r  nydrogen a v a i l a b l e  from coal  a s  g a s i f i c a t i o n  f u e l .  Under 
the conditions assumed i n  the  d e r i v a t i o n  of the  previous cor rec t ion  
term, the a c t u a l  H2/H20 inlet molar r a t i o ,  a', t o  the  r e a c t o r ,  with 
coal a s  f u e l ,  vould be: 

(23) 

The irJet H2/H20 molar r a t i o  i s  determined by Equation 4 ,  

a '  = x + y + 2w - 1 - 0.336 cg ( 2 4 )  
One f e a s i b i l i t y  c r i t e r i o n  of the  recyc le  g a s i f i c a t i o n  process with 

oxygen admission i s  aga in  the  r a t i o  H2 available,& consumed, Equations 
16 and 17. I f  t h i s  r a t i o  i s  equal t o  o r  g r e a t e r  than uni ty ,  the pro- 
cess i l i l l  be independent of a n  e x t e r n a l  hydrogen source.  By s e l e c t i o n  
of the  proper 02/E20 inlet molar r a t i o ,  the  process may be made ther -  
r?ally balanced o r  s l i g h t 1  exothermic t o  compensate f o r  heat  l o s s e s .  
The net heat e f f e c t ,  StuJb mole produced, i s  c r r i t t en  i n  the form: 

(1 - m - y )  A H 2  +mAHs + bA& f c A H c  + g 

9 
'j 

P 

i 

n 

( 2 5 )  20 
aAHy i- b A H o 2  T A H E  

1 2  

-rhere A H l ,  A H a ,  A ?Is and A Hq = heat of the  respec t ive  reac t ions ,  i n  
B c u / l b  mole, :iith r e a c t a n t s  and products a t  the  temperatme of the 
syste-n, and AH = enthalpy of r e a c t a n t ,  Btu/lb. mole, between inlet  and 
system o u t l e t  temperatures.  

An a d a i t i o n a l  c a l c u l a t i o n  f o r  judging the p o t e n t i a l  e f f i c i e n c y  of the  
g a s i f i c a t i o n  process comprises e s t i m t i o n  of reac tan t  requirements p e r  . .nn CH4 produced: 

( 2 7 )  

( 2 9 )  

b )  L b .  carbon = 31.7 c 
c )  Lo.  coal  (755 C ,  55 H,  a t  9576 carbon g a s i f i c a t i o n )  = 44.5 c w ( 2 8 )  
d )  SCF 0:cyygen = 1000 b/w 

9. Equilibrium Computations 

favorable f o r  t h e  p r a c t i c a l  operacion of t h e  proposed process.  The 
choice of condi t ions i s  based on: 
a )  I n l e t  sLean decompositions i n  the range 30-505, comparable to  those 

achieved i n  oxygen-steam g a s i f i c a t i o n  of pulverized coal, ' ' l1 o r  i n  
oxygen-steam f i r e d  fixed-bed g a s i f i c a t i o n  processes . l '13 

b)  Zxperimental data  on t h e  hydrogenation of coa l  char  i n  t h e  presence 
of steam i n d i c a t e  t h a t  methane f o r m t i o n  r a t e s  a r e  too s low t o  be of 
commercial i n t e r e s t  a t  pressures  below 30 atmospheres and tempera- 
tu res  much be1oT.r 1200'K. (1700'F. ) .15 Hydrogenation r a t e s  increase  
moderately with pressure and r a p i d l y  with temperature. Hovever, 
temperatures above l2OO0K. a r e  thermodynamically unfavorable f o r  
high methane content of the product gases ,  d e s p i t e  the increased 

a )  Lb. steam ( r e a c t o r  on ly)  = 4 7 . 5 / ~  ( 2 6 )  

d 
!?P 

e )  Frac t ion  carbon g a s i f i e d  t o  CH4 = u/c ( 3 0 )  g 

A l i m i t e d  nunber of ca lcu la t ions  vere  made a t  condi t ions believed 

! 
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hydrogenatxon Eates.  Favorable operat ing conditions appear t o  be 
1200OK. (1700'F.) and 30-50 atmospheres. An increase  t o  200 atmos- 
pheres would Germit lower opera t ing  tempera t u r e s  of the  hydrogena- 
t i o n  zone, perhaps 1000-1100'K. (1740-1520'F. 1, :o take advantage 
of the more favorable  r;hermodynamic conditions without s i g n i f i c a n t -  
l y  a f f e c t i n g  the hydrogenation reactLon r a t e s .  

R e s u l t s  of the e u i l ib r ium computations and heat  e f f e c t s  a t  50 and 

All data  a r e  p lo t ted  aga ins t  Ziz/HzO inlet  m l a r  

200 atmospheres, 1200 8 K. (1700'F.) and 1.0 a c t i v i t y  of caroon, a r e  
given i n  F igs .  3 and 4 f o r  30-405 steam decomposition and 0.1-0.15 02/ 
BzO inlet  molar r a t i o .  
r a t i o  based on ure  carbon a s  fuel .  If des i red ,  a cor rec t ion  may be 
;fTl ied f o r  Fizz 2O i n l e t  molar r a t i o s  based on coa l  a s  f u e l  (Equation 

a )  The r a t i o  HZ avai lable& consumed decreases from values g r e a t e r  
. The p l o t s  show general  trends: 

than 1 .0  a t  low Rz/HzO inlet  molar r a t i o s  t o  values less than 1 .0  
a t  high H2/&0 i d e t  molar r a t i o .  

'0) Equilibrium CZ& contents  i n c r e a s e  v i t h  H2/H20 i n l e t  molar r a t i o s .  
c )  A t  t h e  chosen 02/H20 i n l e t  molar r a t i o s ,  the  net  heat e f f e c t ,  AHR 

Btu per  Yo. mole CHI, i s  highly negat ive ( e x o t h e m i c )  a t  low H2/Z20 
inlet  molar r a t i o s ,  and becoines l e s s  negative a t  high Ha/IdzO inlet 
molar r a t i o s .  

lLes i n  t h e  f a c t  
that both t h e  02/&0 inlet  molar r a t i o  and t o t a l  i,ilet steam decomposi- 
t i o n  were f i x e d  a t  a r b i t r a r y  values  i n  these calculacions.  Under the 
condi t ions assumed, the  hea t  a v a i l a b l e  from oxida t ion  i s  always some- 
what g r e a t e r  than t h a t  required t o  decompose t h e  given amount of s tean.  
A t  a low Hz/HzO i d e t  molar r a t i o  t o  the g a s i f i e r ,  the  quant i ty  of me- 
thane formed i s  small. A s  a consequence the net  heat  e f f e c t  per a o l e  
GX4 produced i s  highly negat ive (exotnermio).  A t  higher H2/H20 inlet 
molar r a t i o s ,  the quant i ty  of methane increases  and more sens ib le  hear 
i s  required t o  br ing t h e  r e a c t a n t s  t o  the  opera t ing  cemperature, re -  
s u l t i n g  i n  a less exothermic hea t  e f f e c t  per  nole  CF~ produced. 

r a t i o ,  50 atmospheres and 1200'K. (17OO0F.), the  g a s i f i c a t i o n  process 
becomes hdependent of e x t e r n a l  hydrogen i f  the  Ii2/H20 i n l e t  molar Zat io  
i s  no g r e a t e r  than 1.8, t h e  
consumed (corrected f o r  coal7 approaches uni ty .  
n e t  heat  e f f e c t  i s  p r a c t i c a l l y  zero  w i t h  800'F. preheated recycled 
hydrogen, 1000°F. steam and 60°F. c o a l  and o,uggen, and 2 )  equiliSrium 
methane content of t h e  wet gas i s  approximately 15% (2146 dry b a s i s ) .  
The process  would requi re  H2 r e c y c l e  i n  the  r a t i o  3.5 moles/nole C&. 

I n  Fig.  3B, for  40% s t e a m  decomposition, 0.15 02/B20 inlet molar 
r a t i o ,  50 atmospheres and 1200°K. (1700°F.), the  process would be in-  
dependent of ex terna l  hydrogen i f  t h e  H2/Ii20 inlet n o l a r  r a t i o  were 
no g r e a t e r  than 2.5,  the  poin t  a t  which the corrected r a t i o ,  f o r  coa l ,  
o f  Ii2 available/Hz consumed approaches uni ty .  I n  t h i s  case t h e  net 
heat  e f f e c t  i s  again p r a c t i c a l l y  zero f o r  t h e  same r e a c t a n t  preheats ,  
and t h e  equi l ibr ium methane content  of  the wet gas i s  approximately 184% 
(22% d r g  b a s i s ) .  Under these condi t ions ,  t h e  required H2 recyc le  is 
3 . 4  moles/mole m produced. 

I n  Fig.  &A, 306 steam decouposi t i&,  0 .1  02/H20 inlet  molar r a t i o ,  
200 atmospheres and 1200'K. (1700°F.), the  process vould be hydrogen 
s e l f - s u f f i c i e n t  a t  H2/H20 inlet molar r a t i o s  no g r e a t e r  than 0.75, t h e  
poin t  a t  which t h e  corrected r a t i o ,  f o r  coa l ,  of H2 avai lable/& Con- 
sumed approaches uni ty .  
20,000 Btu/lb. mole m e x o t h e m i c ,  which would be s u f f i c i e n t  t o  con- 
pensa te  f o r  r a d i a t i o n  and convect ion hea t  l o s s e s .  

The explanat ion of t h e  trend of the AHR curve 

I n  Fig .  3.4 for 30% s t e a n  decomposition, 0 . 1  02/H20 i n l e t  molar 

o i n t  a t  which t h e  r a t i o  HZ available/%IZ 
A t  t h i s  po in t ,  1) t h e  

Here t h e  net  heat e f f e c t  i s  approximately 

The equi l ibr ium 
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A STEAM DECOMP. * 30%. 0 I H  O a O . 1  STEAM DECOMP.=40%; O,IH,0.0.15 B 

5OO.F. H i .  100O.F. STEAM 

J 

I' 

H e I H p O  INLET MOLAR RATIO - H s I H r O  INLET MOLAR RATIO 

Fig.  3. - E F F E C T  OF Hz/H20 R A T I O  ON E Q U I L I B R I U M  GAS COMPOSITION,  
Ha P R O C i i C T I O N / C O M S U ~ ~ T I O N  R A T I O ,  AND NET XWC EFFEXT, FOR THE 
C-Hz-HzO SYSTEil AT 1200'K. AYD 50 ATPIIOSPHERES, 'JCTH 30 AND 4G$ 

S T M  RECOi4POSITION,  AND 0 .1  AYD 0.15 02/H20 I~~II.,ET 
MOLAR R A T I O ,  RESPECTIVELY 

.. . .. . .. .. . . - 
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: 
1 2  0 

I 

E X  

' STEAM D E C O M E = 4 0 % ;  O z I H z O ~ 0 . 1  B 

ln 
-4 
0 

Fig. 4.-E?FEKT OF H2/H20 M T I O  ON EQUILIBRIUM GAS COMPOSITION, 
H2 PROOWCTION/CONSU.WTION RATIO AND !ET KEW EFFECT, FQR 

C-Ha-HaO SYSTEM AT 12006K. AND 200 ATMOSPXFBES, 

30 AND 4% S T M  IlECOMPOSITION 
WITH 0.1 02/H20 INLET N0LA.R RATIO 

, 
\ 
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methane content  i s  approximately 18% on  the  ;Jet bas i s ,  (305 dry b a s i s ) ,  
and the process xould requi re  ii2 recyc le  of 1.8 moles/mole G I  pro- 
auced . 

I n  F ig .  4 3 ,  405 steam decomposition, 0.1 02/?12 i n l e t  molar r a t i o ,  
200 atnospheres and 1200OK. (1700°F.), the  process'would aga in  be self- 
s u f r i c i e n t  v i t h  respec t  t o  hydrogen i f  the  H2/H20 in le t  molar r a t i o  
vere  no g rea t e r  than 1 . 0 .  The ne t  heat e f f e c t  i s  less exotherni-, than 
i n  ihe previous case,  approximately 10,000 3 tu / lb .  xo le  CE4 a t  the saae 
reac tan t  prehea ts .  The equi l ibr ium methane content i s  approximately 
21% on the :.ret 'oasis, o r  315 dry bas is ,  v i t h  a required H2 recyc le  of 

1 . 7  noles/mole produced. 
These r e s u l t s  demonstrate t h a t  ope ra t i% condi t ions can be found 

l:T'nere t h e  proposed process ,  iqith O 2  admission and I;12. recyc le ,  appears 
chelmodynanicai l~ f e a s i b l e .  IL should be noted, siilce oxygen i s  r e -  
quired,  t;mt the  process reduces t o  an  adapta t ion  of the Lurgi pressure  
g a s i f i e r  v i t h  provis ion f o r  Z2 recyc le  i n  the  upper port ions of the  f ixed 
f u e l  bed, o r  co a n  adapta t icn  o f  present  f luid-bed coa l  hydrogenatisn 
reaz',ors rrith provis ion  f.or add i t ion  of sceam and o-uygen e i t h e r  i n  the 
same r eac to r  o r  i n  a separa te  vesse l  t o  g a s i f y  the coa l  res idue.  Since 
t h i s  nethod of ne-ihane product ion by E2 recyc le  takes  advantage of the  
exothermic heat of coa l  hydrogenation t o  compensate i n  part, for the  
e n d o t h e m i c  heots of the  s t e m  decomposition r eac t ions  which continue 
t o  occur  t o  a s m l l  ex ten t  a t .  hydrogenation temperatures, i t  ap?ears 

ky vi,rr,ce of the- potentially- g e a c e r  thermal e-r?ficiency, both 
en and c o o l  requirements per  PICF C& can be reduced from those of 

other; g a s i f i c a t i o n  processes .  The po ten t i a l  magnitude of chis  reduct ion 
can be seen frox a comparison o f  t he  t h e o r e t i c a l  mater ia l  requi reaents  
i n  Tz'cle 4 ,  based on F igs .  3 and 4 ,  i.;ith a c t u a l  requirements for severa l  
c a s i f i c a t i s n  processes  operated on pilot plant  and l a r g e  sca l e  (Table 
5 , .  
35 irere increased by 2'25 tc compensate for r a d i a t i o n  and convection neat 
losses, s i x e  the t h e o r e t i c a l  heat e f f e c t s  were not s u f f i c i e n t l y  exo- 
ide-mic f o r  these  two cases .  

i n  Table I!, the oxygen ar_d coa l  requi rexents  based on ?igs. 3.4 and 

L ,  

m . La ole 4 . -'?€BOFETiCAL F.IfiTZRIAL WGTJIREN3ES (XCACTOR OXLY) 

Pressure,  A t n .  
Oc"Yet Temp., OF. 
O2/'g20 InleL p4olar R a t i o  
H2/E20 Inlet Molar Rat io  
1-1 l ~ r i  .>- Steam, OF. 

3ecgcled Bydro en,  OF. 
I r A e c  Oxygen, h. 
inlec  Steam bcomp. ,  5 

Requirements/iCCF CH4 : 
Pure Carbon, 1.0. 
Coal, a t  95T? Gas i f i ca t lon  
Steam, 1b:- 
Oxygen, loo$, SCF 
oxygen, 955, SCF 

Theoret ical  Percent Carbon 
Appear i n g  a s  CH4 

l b .  

50 
1700 

0 . 1  
1 .a 

1000 
800 

60 
30 

73.5" 
l 0 j *  
111 
280+ 
295* 

43 

5Q 
1700 
c .15 
2.4 
1000 
800 
60 
40 

74.5* 
104. 

79 
298* 
314 * 

43 

200 200 
1700 1700 

0 . 1  0 . 1  
0.75 1 .0  
1000 1000 

a00 800 
60 60 
30 40 

64.5 63 
90.5 88 
151 110 
318 230 
335 242 

49 51 
* Increased by 20$ over t h e o r e t i c a l  values .  
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Table 5. -TYPICAL iNAFX4L FEQUIEIEMENTS FOR METHANE PROIXTCTION 
FRON SYNTHZSIS GAS (COAL G A S I F E X  O m )  

Process* USBP PAN4 K-T1' IGT" L3 W G S l  PROD.'l" 

Nominal Conditions: 

Coal Type B i t .  B i t .  B i t .  B i t .  Char Coke a a r l e y  
Anth. 

Outlet Tepp. ,  OF. 2500 2350 2300 2500 1100 1200 880 
Pressure,  Atm. 21 1 1 7 . 5  21 1 1 

Ratio 1.5 0.65 0.81 0.45 0.77 0.38 0.29 
Inlet S t e m ,  oP, 625 930 250 1500 500 210 285 

Carbon Gasified,  $ 90 84 85 92 97 99.5 99.4 

Carbon, lb. 96.5 llg 112 93.5 84 100 87 
Coal ( o r  coke),  lb. 137 185 168 125 112 111 110 
S t e m ,  lb.  42 77 85 131 360 152 154 
Oxygen, loo$, SCF 1332 1060 1444 1248 584 1144 951 
Oxygen, 9598, SCF 1408 1118 1520 1312 615 1204 1000 

O J H p O  Inlet Molar 

Inlet Oxygen, ,2?. 625 930 100 100 ' 500 210 285 
Inlet Steam 
Decomp., % 25 25 25 31 34 54 52 

Requirements/MCF C& : 

Percent  Carbon 
Appearing as CHq by 
Me thanat ion 33 26.7 28 34 38 32 36.6 

L = Lurgi  U n i t ;  WGS = Water G a s  Se t ;  PROD. = Producer 
*PAN = Panindco Process; K-T = Koppers-Totzek Gasifier; 

We da:a i n  "able 5 were computed on t h e  bas i s  of 4 SCF CO-plus- 
HZ i n  synLhesFs gas fron coal  t o  y ie ld  1 SCF by catalytFc methana- 
t i o n .  The mater ia l  requirements p e r t a i n  o n l y  t o  tne  coal  g a s i f i c a -  
t i o n  r e a c t o r .  DaLa f o r  Luurgi pressure  gaz i f icaz ion  were adjusted t o  
Cake inco account the methane content  of the raw g3s. 

' XSTIYATION OF REC?CTOR SIZE FROM AVAILABLE DATA ON REACTION RATSS 

I .  Reaction Rate Data 
Comprehensive experimenzal dzta  on r e a c t i o n  races  of nydrogen- 

steam izix tures  with carbon i n  t h e  form of low temperature {Disco) char 
have been reported by Gorin, Goring, Zielke and coworkers .''6'14'15 
The data  were obtained f j o m  a 1 .5- inch I . D .  f l u i d i z e d  bed o f  65/100 
mesh f u e l  p a r t i c l e s  , operated a t  1-30 atmospheres and 1500-1700°F. 
Methane production r a t e s  and t o t a l  carbon g a s i f i c a c i o n  r a t e s ,  expressed 
a s  moles C gasIfied/mole C-min., were determined f o r  pure HZ and f o r  
H~/HzO inlet  molar r a t i o s  In  t h e  range 0.1-2.0 a t  carbon burnoffs o r  
percent g a s i f i c a t i o n s  of O-lOO$. The t o t a l  carbon g a s i f i c a t i o n  r a t e  Is 
the sum of t h e  r a t e  of cH4 product ion and t h e  r a t e  of the steam reac-  
t i o n s  wi th  carbon. Under t h e  candi t ions  o f  t h e  i n v e s t i g a t i o n s ,  t h e  per-  
cent u t i l i z a t i o n  of J12 and decomposition of steam were small, so the  
e x i t  gases contained only a few percent  cH4, CO and COz.  A s  a conse- 
quence, t h e  data do not  take  into account t h e  r e t a r d i n g  e f f e c t s  on t h e  
r a t e s  a s  aD rec iab le  concentrat ions of methane and o t h e r  components 
appear i n  €Re gas i n  a p r a c t i c a l  g a s i f i c a t i o q  system. 

i 

\ 
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The da ta  reported by Zielke and Gorin15 i n d i c a t e  t h a t  steam has a 
marked e f f e c t  i n  increas ing  the  me thane - fomt ion  r a t e ;  t h e  increase,  
T:rhich i s  pressure  dependent, ranges from 2 t o  100 times t h e  r a t e  i n  a 
pure H2 atxosphere,  a t  1700'F. and 1-30 atmospheres t o t a l  pressure.  
The C& r a t e  increases  wi th  t o t a l  pressure r a i s e d  t o  a po'ver betyeen 
0 .1  and 1.5, depending,ugon H2/&0 inlet  molar r a t i o  and percent car -  
bon burnoff,  and decreases r ap id ly  with decreasing temperature. The 
t o t a l  carbon g a s i f i c a t i o n  r a t e  follows approximately t h e  same t rends ,  
except t h a t  a t  high H2/H20 inlet  molar r a c i o s  t h i s  r a t e  becomes equal 
t o  t h e  CH4 r a t e  by v i r t u e  of  l e s s  steam being a v a i l a b l e  f o r  carbon gas- 
i f i c a t i o n  under these  condi t ions.  The C& fo rna t ion  r a t e s  f o r  Disco 
char do not appear t o  be s u f f i c i e n t l y  high a t  p ressures  below 30 a t -  
nospheres and tenperatures  less than  1700°F. t o  be of p a r t i c u l a r  i n -  
t e r e s t  c o m e r c i a l l y .  

To f a c i l i t a t e  r eac to r  ca lcu la t ions ,  p l o t s  of da ta  a r e  required 
sho-,ring CH4 formacion and t o t a l  carbon g a s i f i c a t i o n  r a t e s  a t  50 atmos- 
pheres a s  a f fec ted  by R2/&0 i n l e t  molar r a t i o  and percent  carbon burn- 
o f f .  These graphs r,rere obtained b f i r s t  p l o t t i n g  t h e  reported r a t e s  
aza ins t  pressure (1-30 atmospheres7 on logari thmic s c a l e s ,  f o r  each 
H&120 i r l e t  ciolar r a t i o  inves t iga ted  (0 .32 ,  1 . 0  and 2 .0)  a t  O - l O O $  
carbon burnoff .  The r e s u l t i n g  r-early s t r a i g h t  l i n e s  were extrapolated 
t o  50 atmospheres. The extrapolated poin ts  were then  rep lo t ted  in  
the  desired f o x ,  F i e .  5. The l i n e a r  CH+ r a t e  p l o t ,  Fig.  5A, vas ex- 
tended (dot ted  1inesT beyond the range of H2/Ii20 i n l e t . n o l a r  r a t i o s  
inves t iga ted .  ?he t o t a l  carbon g a s i f i c a t i o n  r a t e  p l o t ,  F ig .  53, vas 
a l s o  extended by con t i rx inz  che trend of  the curves (dot ted  lines) t o  
a 4 . 0  H2/320 i n l e t  molar r a t i o .  I n  e f f e c t ,  F i g s .  5A and 53 a r e  based 
e n t i r e l y  Lipon moderate ex t rapola t ions ;  however, they a r e  believed t o  
be j u s - l i f  l e d .  
11. R e e c t w  &sign Estimate 

0 A .  Proceduye 
Evaluaci.cn, from tne s tandpoint  of ki-netics,  of the  hydrogen re- 

cycle  g a s i f i c a  t i o n  process  v i t h  oyygen-steam admission, reqilires a n  
e s t i c a t e  of the hydrogenetion zone f u e l  bed depth.  To avoid unnecessary 
con>licat ions i t  i s  assumec tha t  1) the  temperature @.adient i n  the . 
hydrcgenation zone of a n  a c t u a l  r eac to r  may be approximaced with a n  
e l f e c c i v e  average temperature (1700'F. ) ,  and 2 )  the ve loc i ty  d i s t r i b u -  
t i o n  of gases a t  D given cross -sec t ion  of  the  r e a c t o r  may be approx- 
ima t e d  by.piston-ty-pe flow a t  an  average ve loc i ty  (cons tan t  ve loc i ty  
distribucion.) . 

The bas ic  design r e l a t i o n s h i p  i s  given by a ma te r i a lba l ance7  over 
a d i f f e r e n t i a l  bed he tght ,  dh, i n  irhich a n  incremental  quant i ty  o f ,  C F 4 ,  
dpm, is f o m e d :  

d% = rn dh = -q Fo dB 

where di3 = incremental  f r a c t i o n a l  burnup of carbon i n  the  element of 

(31) 

f u e l  bed 

sec t ion  
d s  = incremental  CH4 formed, lb. mole hr.-sq. f t .  r eac to r  cross  

rm = C& fo rna t ion  r a t e ,  l b .  mole/bz.-cu. f t .  r e a c t o r  

PO 4 carbon inpu t  r a t e  t o  r e a c t o r ,  .lb. mole/hr.-sq. f t .  

g = r P t  = r a t i o ,  CIL~ fo,mxtion r a t e / t o t a l  g a s i f i c a t i o n  r a t e  

9 

'J 

t 
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For a f ixed  fuel. bed, with countercurrent  flow of gases with 
ressec t  t o  the coa l  feed ,  t h i s  re laZionship nay be in tegra ted  graph- 
i c a l l y  over t h e  l i m i t s  from the s t a r t  of che hydrogemtion zone, 
h = 0 ,  where the burnup i s  So t o  t h e  top of the bed, t i  = H, where t h e  
burnup B = 0 ( f r e s h  coa l  f e e d ) :  

H 0 0 

( 3 2 )  

0 Bo Bo 
Ae a f ixed temperature and pressure  the  q u a n t i t i e s  r , rt and 9 a r e  de-. 
pendent upon carbon burnoff and the composition o f  tRe r e a c t i n g  gases. 
An acceptable  r e l a t i o n s h i p  t o  take i n t o  account the  e f f e c t  of gas com- 
pos i t ion  i n  re ta rd ing  the  r e a c t i o n  r a t e s  i s  given by t h e  r a t i o  Of t he  
act-a1 par t ia l -pressure  product of t h e  reaccing components t o  t h e  e q u i l -  
i b r i u m  constant of  the p a r t i c u l a r  reac t ion .  ay u s e  of  t h i s  coneept, 
che recommnded forms of the r a t e  equat ions a r e :  

.,+ere R, = cH4 formation r a t e  given i n  Flg.  5A,  uncorrected f o r  r e t a r d -  

iven  i n  F i g .  5B, uncorrected 
i n g  e f f e c t s ,  l b .  mole/lb. nole C-min. 

f o r  r e t a r d i n g  e f f e c t s ,  lb. mole$lb. mole C-min. 
C& formation r a t e ,  corrected f o r  r e t a r d i n g  e f f e c t s ,  l b .  mole/ 

Rt  = t o t a l  cnrbon g a s i f i c a t i o n  r a t e  

'I = l b .  mole C-min. 

R e 1  = t o t a l  carSon g a s i f i c a t i o n  r a t e ,  corrected f o r  r e t a r d i n g  
e f f e c t s ,  lb. mole/lb. mole C-min. 

r e a c t i o n ,  atm. 
p = a c t u a l  p a r t i a l  p ressure  of gaseous components a t  point  of 

yc = acr ; iv i tg  of carbon rri th respec t  t o  hydrogenation r e a c t i o n  

7 '  = a c t i v i t y  of carbon rl i th respect  t o  carbon - steam r e a c t i o n  C 

The conversion f a c t o r s  betveen Equations 32-3b a r e :  
These r a t e  equations a r e  considered t o  g ive  conservat ive r e s u l t s  .I5 

rm = 6 0 p c y c  Rn1/12  (35) 

rt = 6OpCsc  R t 1 / 1 2  ( 3 6 )  
wherepc = bulk d e n s i t y  of f u e l ,  lb. /cu.  f t .  

For p r a c t i c a l  purposes the  p r o d u c t p  y 
throughout t h e  hydro ena t ion  zone, f8rcfuels of n o m 1  ash content .  
By use of  Zquation 3%, the  design Ea-uation 32 may be put  i n  the  form: 

yc = weight f r a c t i o n  carbon i n  f u e l  
can be considered constant  
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( 3 7 )  

0 

9. Fixed-Ped Reactor 
1. B s i  Conditions.  The i n t e g r a l  i n  Equation 37 i s  the area 

under a curve? r ec ip roca l  t o t a l  carbon g a s i f i c a t i o n  r a t e ,  1/R I ,  

p lo t t ed  aga ins t f f r ac t iona l  burnoff ,  a, i n  the  hydrogenation zon&. Since 
R,' (Equation 3 3 )  depends upon the p a r t i a l  pressures  of gaseous cons t i -  
tdents  and upon the burnoff a t  a given pos i t i on  i n  the f u e l  bed ,  a 
ma te r i a l  balance i s  required t o  r e l a t e  the va r i a t ion  of gas composition 
wi th  burnoff throughout t h e  f u e l  bed. The o u t l e t  gas cornpositton of the  
r e a c t o r  i s  based on the  equi l ibr ium values given i n  Fig .  3B a t  the poin t  
where t h e  r a t i o  Hz available/H2 consumed ( fo r  c o a l )  i s  un i ty ,  f o r  1200'K. 
(17OO0F.), 50 atmos heres ,  405 steam decomposition, 0.15 02/ii20 i n l e t  
molar r a t i o ,  and 2 . t  H2/H20 i n l e t  molar r a t i o .  
i s  47.2% Hi?, 17-95 HzO, 13.5% CO, 7.5% COZ and 17.9% cH4. 

The ca l cu la t ion  of gas composition va r i a t ion  with burnoff 
t h e  f u e l  bed i s  based on, 1) hydrogen, oxygen and carbon b a l a n c ~ ~ o ~ ~ h  
80% of  the  hydrogen content  of the  coa l  re leased t o  appear i n  cH4 i n  
the hydrogenation zone, weighted l i n e a r l y  according t o  percent carbon 
burnoff ,  and 3 )  maintenance of water-gas-shif t  equi l ibr ium. The t h i r d  
assumption i s  not s t r i c t l y  c o r r e c t ,  s ince  experimental  evidence ind ica tes  
t ha t  t he  crater-gas s h i f t  r e a c t i o n  may be f a r  removed from equi l ibr ium 
under t h e  opera t ing  condi t ions  i n  coa l  gas i f i cac ion  with H2-Zz0 mixtures.' 
However, s ince  the  p r i n c i p a l  discrepancy would l i e  i n  the  a c t u a l  C02/C0 
r a t i o  over  t ha t  t h e o r e t i c a l l y  ca l cu la t ed ,  the assunpt ion o f  water-gas 
s h i f t  equi l ibr ium w i l l  be s u f f i c i e n t l y  accura te .  F ina l  r e s u l t s  of t h e  
maserial  balances a r e  given i n  the  following. 

2.  Na te r i a l  balance f o r  Oxidation Zone. Expressions f o r  tte 
molar q u a n t i t i e s  of hydrogen x1 , steam yr) ,  carbon nonoxide ( z ' ) ,  
carbon dioxide ( m l  1, methane lwl {,  t o t a l  i o l e s  ( N 1  ), and carbon gas i -  
f i e d  ( c  I ) ,  a s  moles/mole i n l e t  steam a r e :  

This o u t l e t  composition 

Q 
= o (no m) 

& (1-SD'  (SD' + 2b) 
(l-SDI 1 + a '  + SD1 - 2wl m1 = 2K3 

2 '  = SD' + 2b - 2m1 
y1 = 1 - SD' 
x' = &y'z'/m' 
N '  = x' + y f  + z '  + m' + w 1  
g 

c = z l  +ml + w l  

Frac t iona l 'burnoff  i n  ox ida t ion  zone: 
a' = c '/c 

g g  
where SDf = steam decomposition i n  oxida t ion  zone: 

a '  = Hz/HzO k n l e t  molar r a t i o  corrected f o r  coal .  
p r i o r  t o  HZ r ecyc le  poin t  

b = O ~ / H Z O  inlet molar r a t i o  

i 

(45)  

Note a f  = 0 
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c = carbon g a s i f i e d  a t  equi l ibr ium o u t l e t  condi t ions of the 

These relatLonships  a r e  r e a d i l y  solved f o r  a given temperature 
hydrogenation zone. 

(vhich detem-ines & ) ,  known values of a '  and b,  assumed value of 
steam decomposition, SD' , and haown value of equi l ibr ium carbon gas- 
i f i c a t i o n ,  c,. 

ij 
j .  Kater ia l  Ealance f o r  HTdro enat ion Zone. FZpressions f o r  the 

molar q u a n t i t i e s  of nydrogen I:;'{, :team y" , carbon nonoxide ( z " ) ,  
carbon dioxide (m"), methane w" , t o t a l  1!101is (N") and carbon g a s i f i e d  - 
(c-"), a s  moles/nole inlet steam a r e :  

Incremental steaixdecomposition occurr ing i n  hydrogenation zone: 

Total  steam decomposition: 
SD" = SD'+ ASD" 

6 =  
B =  
B" = 

SD" 
These 

(2&-1) (1-SD")  + &(SDil + 2b) + CL 
& (SD" + 2b) (1-SD") 

0. j36 C, 

c - c '  
g g  

t h e o r e t i c a l  t o t a l  burnoff of f u e l  res idue  = 100s 
fracti .ona1 burnoff i n  hydrogenation zone 
t o t a l  steam decomposition i n  hydrogenation zone 
r e l a t i o n s h i p s  a r e  solved f o r  a a i v e n  temDerature. assumed 

9 

r e a c t o r  in le t  and o u t l e t  cor-ditions (which-deterninb the  vaiues of 
&, a ' ,  w ,  c B, SD), and hown values of B', SD' and c (from 
oxida t ion  zone) ,  by the ass igning  of a r b i t r a r y  values to the  hydrogen- 
a t i o n  zone burnoff B" . 

Solu t ion  of the  mater ia l  balance equat ions f o r  the  oxidat ion,  
steam decomposition, and hydrogenation zones under the condi t ion of 
exit gas equi l ibr ium resu l ted  i n  the values given i n  Table 6 .  Here 
t h e  exothermic heat of t h e  oxidat ion zone 1 s  balanced approximately 
b the endothemic e f f e c t  of the s team decom o s i t i o n  zone. Beyond 
tge HZ r e c y c l e  p o i n t ,  t h e  exothermic heat  ol! c o a l  hydrogenation i s  

g' g 

I 
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balanced approximately by, 1) the heat requirement of steam decoorposi- 
t i o n  which continues t o  occur to  a small exten t  i n  the hydrogenation 
zone, and 2) cne sensible  heat  required f o r  p r e n e a t i w  the  coal  feed 
aod recycled hydrogen t o  the opera t ing  tmpera  ture .  

composition occurs i n  the  hydrogecation zone (Table 6 )  can 3e checked 
f o r  accuracy a f t e r  completion o f  t h e  r a t e  c a l c u l a t i o n s .  
i n  Table 6 a r e  shown g r a p h i c a l l y  i n  P ig .  6. The r e a c t i o n  r a t e s  of 
Squations 33 and 34 can now be evaluated a t  any f r a c t i o n a l  burnoff 
and assumed a c t i v i t y  of carbon i n  the hydrogenation zone- by reading 
p a r t i a l  pressure values from t h i s  p l o t  and by obtaining the  rai;es R, 
and Rt Prom Figs .  W and 5B. 
which a r e  required f o r  Waphica l  i n t e g r a t i o n  of Equation 37, and l a t e r  
f o r  Equation 31, are  summarized i n  Table 7. The a s s u m t i o n  of 1.1 
a c t i v i t y  of carbon :rFth respec t  t o  the  hydrogenation reac t ions  i s  
j u s t i f i e d  on the bas i s  t h a t ,  g iven s u f f i c i e n t  res idence time, the equi l -  
' ibriun cH4 content based on carbon a s  graphl te  may be exceeded with 

4. Fuel Eepth and Flow Rates.  The assucrpi;ion that 105 steam de-  

The r e s u l t s  

The results of  these ca lcu la t ions ,  

carbon a s  coa l .  B- 
Table 6. -COM€'UTZD GAS COMPOSITIONS AT VARIOUS POIMTS 

Basis: 
I N  FIXED BED WACTOR 

On/H20 inlet molar r a t i o  = 0.15; 
H2/H20 inlet  molar r a t i o  f o r  pure 
carbon = 2.41, f o r  coa l  = 2.01; 
c o a l  conta ins  75 wt. $ C, 5 w t .  $ H. 

Assumed Theore- 

1 

Posit i o n  
02-H20 IrLLet 

End of Oxidation 
t o  Reactor 0 

Zone 0 

composition Zone . 30 

Recycle 30 

f i d  of Steam De- 

Point of H2 

I n l e t  t i c a l  
Steam Carbon Gas Corn., Mole 

Decoorp., $ Burnoff,  $ - 

100 1j -- 87 _ _  _ _  _ _  
87 -- 13 -- -- -- 87.3 

58.3 -- 21.j 49.8 15.1 13.8 -- 
56.8 -- 65.7 19.8 12.0 2.5 -- 

50$ 'through 

Outlet  of 

Hydrogenation 
Zom? 35 28.2 -- 56.6 18.8 12.8 3.0 8.8 

Reactor 40 0 -- 47.2 17.9 13.5 3.5 17.9 
Molar Quantities, mole/mole inlet steam 

Carbon 
P o s i t i o n  02 & ~ 2 0  E C& Total Gasifled 
02-H20 IriLet 

End of Oxidation 

End of Steam Ce- 

Point  of  H2 

50% through 

Out le t  

-- -- 1.15 -- t o  Reactor 0 .15  -- 1 . 0  -- 
Zone -- -- 1 . 0  -- 0.15 -- 1.15 0.150 

composition Zone -- 0.30 0.70 0.21 0.19 -- 1.40 0.493 

Recycle a- 2.32 0.70 0.42 0.09 -- 3.53 0.511 

F drogena t ion  

React o r  -- 1.60 0.60 0.46 0.12 0.605 3.39 1.182 
&ne -- 1.96 0.65 0.44 0.10 0.303 3.45 0.850 
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T H E O R E T I C A L  C A R B O N  B U R N O F F ,  % 

Fig. 6 .  -COI@iJPUTED VA,,iAmON OF GAS COMPOSITION WITH 
C&WON BURNOFF IN FIXED-EED REACTOR AT 

1700'F. AN3 50 ATNOOSPI-EKES 
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Table 7.-REACTION RATES FOR VARIOUS PERCENT BURNOFF 
I N  F I ~ - ~  REACTOR RYDROGENATION ZONE 

OPEFATING AT 1700°F- AND 50 ATPI. 
(Act iv i ty  of Carbon, = 1.1, = 1.0) 

Ratio I n h i b i t i n g  Terns 
Burnoff Rat io  p c i  pcos, Rates,  moles/mole G-min. q = 

H2/Ha0 K I + ~ ~ ~ ~  KZ%,~*Y~, 51' x lo4 R t '  x l o 4  
56.8 3.32 0 0.499 87 .o 94.5 0.921 
50 

3.04 0.28 0.489 74.1 86.1 0.861 30 

2.71 0.77 0.462 28 .1  38.3 0.734 
0 2.65 0.91 0.450 11.6 21.0 0.555 
5 

3.25 0.06 0.498 85.5 95 -1 0 .god 
40 3.15 0.16 0.492 84 .O 9 3 - 1  o .go2 

20 2.90 0.45 0.478 60 .o 72 .O 0 .834 
1 0  2.78 0.66 0.462 40.4 52.2 0.774 

From t h e  data i n  Table 7, graphica l  i n t e g r a t i o n  of Equation 37 
yielded a value of 86.25 min.-mole C/mole ( inverse  space v e l o c i t y ) .  
The j r o b a b l e  height of t h e  hydrogenation zone is  therefore :  

H = 86.25 Fo/5Pc Yc (55) 

P r a c t i c a l  values of t h e  i n l e t  f e e d  r a t e  FCJ, moles C / h r .  sq. f t . ,  can be 
s e l e c t e d  on the bas i s  of a conservat ive Lurgi r a t e ,  140 l b .  coal /hr .  sq. 
f t . ,  and t h e  f a c t  that t h e  incremental  burnoff p r i o r  t o  the  hydrogena- 
t i o n  zone was estimated a s  100-56.8, or 43.2% (Table 6 ) :  

Fo = (140)(0.75)/(12)(0.432) = 20.2 moles . f t .  f o r  a coa l  containing 
carbon. 

Assuming a 40 Ib./cu. f t .  f u e l  bed bulk dens i ty ,  t h e  estimated height of 
t h e  hydrogenation zone i s :  

which i s  appl icable  on ly  f o r  65/100 mesh f u e l  p a r t i c l e s .  A f ixed  bed 
would operace wi th  perhaps 1/4-incii average s i z e  f u e l .  Some cor rec t ion  
i s  t h e r e f o r e  required,  but necessary da ta  a r e  lacking,  f o r  t h e  e f f e c t  
of ?del s i z e ,  s ince r e a c t i o n  r a t e s  per  unit mass of f u e l  vary with 
e f f e c t i v e  sur face  area and method of contact ing.  

A v e r i f i c a t i o n  of che amount of steam decomposition occurring 
simultaneously with the  hydrogenation reac t ions  can now be made, based 
on t h e  fluid-bed r a t e  da ta  (Figs. 5A, 5B and Table 7 ) ,  through i n t e -  
g r a t i o n  of Equation 31: 

Ii = (86 .25) (20 .2) / (5 ) (40) (0 .75)  = 11.6 f t .  

% = -Fo dB (56) 
Bo 

and t h e  a d d i t i o n a l  r e l a t i o n s h i p ,  

(57) 

where % = methane produced i n  hydrogenation zone, l b .  mole/hr.-sq. f t .  
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F% = t o t a l  carbon g a s i f i e d  by hydrogenation and by steam d e -  

The incremental  steam decomposition occurr ing i n  the  hydrogenation 
zone, ASD", i s  then given by: 

where ii = methane produced (equi l ibr ium value a t  o u t l e t  Of r e a c t o r ) ,  
nole/mole inlet  steam. For t h i s  case w = 0.605 (Table 7 ) ,  and the 
r a t i o  nt/% = 1.19 (graphica l  i n t e g r a t i o n ) ,  so: 

composition, l b .  mole/hr.-sq. f t .  

ASD" = w (nt/n,  - 1) (58) 

ASD" = 0.605 (1.19-1) o r  11.5% 
which i s  i n  c lose  agreement w i t h  t h e  lo$ steam decompositlon previously 
assumed . 
t i e s  and residence times for the  proposed g a s i f i c a t i o n  process a re :  
a )  Steam feed r a t e ,  lb./hr. sq .  f t . ,  = 18 Fo/cg = (18) (20.2)/1.182 

b) Oxygen feed r a t e  

%sed on these r e s u l t s ,  t h e  estimated flow r a t e s ,  space velocl-  

= 308 
SCF/hr. sq. f t . ,  = 379 bFo/cg = 

(379) (0.15) (20.21/1.132 = 970 
c )  Zydrogen recyc le  cu. f t .  hydrogenation zone 

= 379 a'Fo/Hcg = = 1125 
d )  Mekhane space ve loc i ty  SCF/hr. cu. f t .  hydrogenation zone 

= ( j 7 9 )  v F ~ / H c ~  = (379~(0.605)(20.2)/(11.6j(1.182) = 336 

e )  Approximate coa l  res idence time i n  hydrogenation zone, hr., based 
on inlet  volume of coa l  

Hpc yc (11.6) ( 4 0 )  (0.75) 
= 1 . 4 4  =m = (12)(20.2) 

f) Approximase gas res idence t i m e  i n  hydrogenation zone, s e c . ,  based on 
average gas volume and 40% void space ( E  ) of  the  f u e l  bed 

4940FH c E (4940)(~0)(11.6)(1.182)(0.40) 
= N+2 = (3 .46)(20.2)(21bO) = 9  

a vl3 
C .  Fluid-Bed Reactor 

1. Desi@ Conditlons.  I n  the a n a l y s i s  of the  fluid-bed r e a c t o r  
i t  i s  assuned: . .  

a )  The r e a c t o r  i s  completely s t i r red v i t h  respec t  t o  coa l ,  i . e . ,  the 
percenr, carbon burnoff i s  un i forn  throughout t h e  hydrogenation zone. 

b )  Gases move through the  r e a c t o r  i n  pis ton-type flow, i .e . ,  back- 
mixing i 3  neglected.  

c )  The hydrogenation zone i s  a t  constant  temperature (17OOOF.) and con- 
s t a n t  pressure  (50 atm.) .  

d )  The same equi l ibr ium o u t l e t  gas composition w i l l  be a t t a i n e d  as  was 
assuned f o r  the  fixed-bed case c a l c u l a t i o n s .  

e )  30$ steam decomposition w i l l  be a t t a i n e d  p r i o r  t o  the  hydrogenation 
zone. I n  the  hydrogenation zone, an  additional 10% steam decoa- 
p o s i t i o n  w i l l  occur .  

f )  Tne water-gas s h i f t  r e a c t i o n  Is i n  cont inua l  equilibrium i n  the 
hydrogenation zone. 
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g )  With the conditions of Items b,  e and f above, the gas composition 
w i _ l i  vary v f t h  burnoff a s  i n  Fig.  6. 
2. File1 Cepth and Flow Rates.  Sy use of t h e  procedure a l ready  

d e s c r i b e d ,  graphicai  i n t e y a t i o r i  of Zquation 37 gave 102 .9 min. -mole 
C/xole f o r  the rec iproca l  Lotal carbon g a s i f i c a t i o n  r a t e  (corrected 
f o r  r e t a r d i n g  eff 'ects)  under t h e  condi t ions l i s t e d  above. & t a i l s  
a r e  summarized i n  Table 8. The probable height or' the  hydrogenatton 
zone i s  therefore  R = 102.9 F0/5 p ,yc. 

Tabie 3 . -FEACTIOK ? J Z S  FOR VAQIOUS PZRCENF BURTJOFF 
I11 FL-JID-aZD iEACTOR ii"LCR0GZNATIOM ZOKE 

OPERAMFG AT 1700'F. L I D  30 ATbi. 

(Average Burnoff of Fluid Ped = 56.8s; 
A c t i v i t y  of Carbon yc = 1.1, rcr = 1.0) 

I n h i b i t i n g  Term 2eac t ion  Razes, Rat io  
Burnoff, Ratio %E4 PCO ?xi2 qo?ole/xole C-min. q = 

?7 H2/320 =41*2 Y c  -k20 ycr % ' x l O *  Rtrxl9< , 

87.0 94.5 0 -921 
80.8 38.8 0 .g10 

56.8 3.32 0 
50 3.25 0.06 
PO 3 . i 5  0.16 0.492 73.1 81.2 0 .9Cl 
30 3.04 0.28 0.489 65.0  71.5 0 .38j 
20 2 .go 0.45 0.478 48.4 . 57.8 0.837 
10 - 2.78 0.66 0.462 30 -7 40 .g 0.752 

0.668 3 2.71 0.77 0.458 20.5 30 -7 
0 2.55 0.91 0.450 8 . 1  19.1 0.423 

The carbon g a s i f i c a t i o n  capac i ty ,  Fo, i s  estimated by asslamin& a 
s u p e r f i c i a l  ve ioc i ty  ( v  ) o f ,  say ,  0 .3  f t . / s e c .  a t  the point  of rax- 
imum gas i'low. 
sure ,  tenperature  and f l u i d i z i n g  ve ioc i ty  i-s then N = 4940 Pv /T- 
vnich v i t h  ? = 50, T = 2i60°R. becomes I4, = 54.4 mores gases/hh:.-sq. f t .  

From 
prevfous computations (Eqd.claticns 38 t o  45 and Table 6) the r a t i o  of 
gases a t  this point i s  3.531 moles/mole i n l e t  steam. T'ne t o t a l  amount 
o f  carbon g a s i f i e d  Mas 1.182 moies/moie i n l e t  steam. TheSefore, the  
carbon input  r a t e  i s :  

The to t51  moles of gases p e m i s s i b l e  a t  a chosen D y e s -  

n ihe  t o t a l  gnses a r e  a t  a mximum a t  the boint  of hydrogen recycle .  

(1*"2)(34*4) = 11.5 soles c / b . - s q .  f t .  
3 .. 53i  Fo = 

For a f l u i d  bed dens i ty  of 35 l b .  cu.  f t .  and f u e l  containing 75 w t .  $ 
carbon, the es t iva ted  height  of t he  nydrogenation zone i s  : 

which again would be appl icable  dnly f o r  65/i00 mesh f u e l  p a r t i c l e s .  
By use of the  procedure of Equations 56-58, the  estimted s t e a u  

decomposition occurr ing simultaneously with t h e  hydrogenation reac t ions  
I n  t h e  f l u i d  bed i s ,  found t o  be: 

which i s  i n  acceptable  agreement with the 10% assumption on which the 
r e a c t i o n  r a t e  ca lcu la t ions  were based. 

res idence t i u e s  f o r  the  proposed g a s i f i c a t i o n  process  a r e :  

H = ( 1 0 2 . 9 ) ( 1 1 . 5 ) / ( 5 ) ( 3 5 ) ( 0 . 7 5 )  = 9 f t .  

ASD" = 0.605 (1.20 - 1) o r  12.1% 

From these r e s u l t s  t h e  est imated flow r a t e s ,  space v e l o c i t i e s  and 

, 
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a )  Steam feed r a t e ,  lb . /hr . -sq.  f t .  = (18)(11.5)/1.182 = 175 
b)  Oxygen feed r a t e ,  SCF/’nr.-sq. f t .  = (379)(0.15)(11.5)/1.182 = 555 
c )  Hydrogen rec  c l e  space v e l o c i t  SCF/hr. cu. f t .  hydrogenation zone 

= (379) (2 .Olt) (11.5)/(9) (1 .18eTJ= 825 
d )  Methane space v e l o c i t  

= (~79)(0.605)(11.~)~~)(1.182) = 250 
e )  Approximate coal  res idence time i n  hydrogenation zone, hr. based 

on constant  dens i ty  of f l u i d  bed = ( 9 ) ( 3 5 ) ( 0 . 7 5 ) / ( 1 2 ) ( 1 1 . ~ ~  = 1.7 
f) Approximate gas residence time i n  hydrogenation zone, sec. ,  based 

on ar i thmet ic  average s u p e r f i c i a l  ve loc i ty  (7 ) of the f l u i d i z i n g  

79)(0.60)/0.294 = 1 8 . 4  

SCF/hr. cu.  f t .  hydrogenation zone 

a s e s  and 60$ void space ( E  ) of the f luid-be& = HE/LVf = 

These approximate r e a c t o r  ca lcu la t ions  i n d i c a t e  that t h e  hgdro- 
genation zone f u e l  bed depths f o r  e i t h e r  fixed-bed o r  a fluid-bed 
operat ion a r e  within reasonable values f o r  a p r a c t i c a l  system. 
be stressed, hovever, t h a t  no i n t e r p r e t a t i o n  of these r e s u l t s  should 
be made under condi t ions and assumptions o t h e r  than those Set f o r t h .  
I n  p a r t i c u l a r ,  the r e s u l t s  apply s t r i c t l y  t o  65/100 mesh low-tempera- 
t u r e  coal  char made by the Disco process.  
reac t ion  r a t e  data a t  higher pressu-res,  the  reported r a t e  data  f o r  
1700’F. vere  extrapolated t o  50 atmospheres and were a h 0  extended 
beyond the range of H2/Ii20 inlet inolar r a t i o s  inves t iga ted .  
a l s o  apply s t r i c t l y  t o  a fluid-bed operat ion,  s ince  they were ob- 
tained i n  t h i s  type of equipment. 

bed r e a c t o r ,  al though i n d i c a t i v e ,  must be vie!red with reserva t ion ,  
s ince s u f f i c i e n t  i n f o m a t i o n  i s  not present ly  a v a i l a b l e  t o  cor rec t  f o r  
possible  e f f e c t s  of p a r t i c l e  s i ze  and o f  d i f f e r e n t  flow c h a r a c t e r i s t i c s  
and gas-contacting e f f i c i e n c i e s  between fluid-bed vs . fixed-bed opera- 
t ion.  For  s i m p l i c i t y  i n  t h e  ca lcu la t ions ,  a constant  operat ing tein-. 
pera ture ,  17OO0F., vas assumed throughout the hydrogenation zone. It 
i s  poss ib le  t o  improve the r e s u l t s  given here by taking i n t o  account 
the expected temper2 ture  d i s t r i b u t i o n  i n  the hydrogenation zone through 
a simultaneous heat balance v i t h  the  r e a c t i o n  r a t e  c a l c u l a t i o n s .  

t i o n  i s :  
a )  Zf fec t  of moderate concentrat ions of CO and COB i n  i n h i b i t i n g  the  

b )  Effec t  of g a s i f i c a t i o n  proper t ies  of various f u e l s ,  and 
c )  Exact c o s t s  of methane separat-ion by l i q u e f a c t i o n .  

I t  must 

For l a c k  of e.xp=rimental 

The da ta  

The r e s u l t s  derived by a p p l i c a t i o n  of these r a t e  data t o  t h e  fixed- 

Fur ther  i n f o m a t i o n  which i s  lac’king f o r  a more complete evalua- 

r a t e s  of the hydrogenation reac t ions .  

SUNN!-EY AND CONCLUSIONS 
Thermodynamic analyses  i n d i c a t e  tha t  the proposed process f o r  

methane production v ia  coal g a s i f i c a t i o n  with recycled hydrogen can- 
not be independent simultaneously of both e x t e r n a l  hydrogen and ex- 
t e r n a l  hea t .  Operating condi t ions can ‘se found where, t h e o r e t i c a l l y ,  
e i t h e r  1) the  process i s  thermally s e l f - s u f f i c t e n t  b u t  l acks  h~~idrogen, 
o r  2 )  the  process i s  s e l f - s u f f i c i e n t  with respec t  to  hydrogen, but  
lacks  hea t .  It i s  believed t h a t  i t  would be of‘ g r e a t e r  advantage t o  
operate  t h e  process according t o  Item 2 above, s ince  t h e  thermal re- 
quirements could be r e a d i l y  ne t  by i n t e r n a l  combustion of r e s i d u a l  
carbon v i t h  o.xygen. The t h e o r e t i c a l  heat  requl renents  based on carbon 



-98- 

as  p - g r a p h i t e  were found. t o  Ze Tn - the range ~25,000-100;000 Btu/lb.-  
mole Wa produced. The heat. requirements with coa l  a3 the g a s i f i c a -  
t i o n  f u e l  would be s t i l l  l a r g e r ,  s ince the exothermic heat of coa l  
hydrogenation i s  not a s  l a r g e  a s  that f o r  hydrogenation of pure c a r -  
bon. The use of oxygen f o r  p a r t i a l  combustion would provide,  simul- 
taneously,  a high-temperature zone for; rapid steam decomposition. 
Cecompositions - o f  a t  l e a s t  jO$ a r e  required f o r  economical u t i l i z a -  
t i o n  of steam, s ince t h i s  i s  t h e  pr ivary hydrogen source.  

Tnemodynanic ca lcu la t ions  cf t h e  revised process ,  !with oxygen 
admission below the  poin t  of hydrogen recycle ,  show th2.t both thermal 
and hydrogen se i f - suf f ic iency  can t h e o r e t i c a l l y  be a t t a i n e d  a t  1700'F. 
and 50-200 atmospheres. The process i s  p o t e n t i a l l y  more e f f i c i e n t  i n  
respect  t u  the  proport ion of carbon i n  t h e  f u e l  appearing a s  methane, 
and re2resents  a nethod of achieving,  t h e o r e t i c a l l y ,  oxygen requi re -  
nents  l e s s  t h a n  those of the conventional Lurgi pressure  g a s i f i e r .  

&sed on a v a i l a b l e  data on reac t ion  r a t e s  of 65/100 mesh lou -  
temperature coal char (Disco) v i t h  hydrogen-steam mixtures,  rue1 bed 
heights  f o r  the hydrogenation zone were estimated a t  9 f e e t  fo r  a 
f luidized-bed r e a c t o r ,  and approximately 11-12 feet f o r  a fixed-bed 
r e a c t o r ;  a t  1700°F., 50 atinospheres, :? i th  equi l ibr ium e x i t  gas com- 
pos i t ions .  These bed hei&hts appear t o  be v i t h i n  achievable values 
f o r  a p r a c t i c a l  gasifier design. 

heat def ic iency,  then t h e  proposed process ,  i f  operated a s  a f ixed 
f u e l  bed, reduces t o  an  adapta t ion  o f  the Lurgi pressure g a s i f i e r  
modified f o r  hydrogen recyc le  i n  the upper port ions of the f u e l  bed .  
If operated a3 a f lu id ized  bed, the proposed process with oxygen ad- 
mission does not differ  i n  p r i n c i p l e  from fluidized-hydrogenation- 
res idua l - fue l -gas i f ica t ion  schemes already proposed or already under 
inves t iga t ion .  

A s  a s ing le-vesse l  r e a c t o r ,  the method of methane production by 
hydrogen recyc le  would appear t o  be more e f f e c t i v e  i n  a f ixed bed by 
v i r t u e  of t h e  countercurrent movement of f u e l  with respec t  to  the  
r e a c t i n g  gases .  Tine use of a s ingle-vessel  f luid-bed r e a c t o r ,  !.rhere 
both oxygen and hydrogen a r e  introduced, i s  seen t o  be of disadvantage 
by v i r t u e  of  rapid mixing of f u e l ,  r e s u l t i n g  i n  some v o l a t i l e  matter 
being burned by oxygen. Since the  v o l a t i l e  mat ter  p o r t i o n  of the f u e l  
i s  the  most r e a d i l y  hydrogenated component, i t  appears t h a t  an  e f f e c -  
t i v e  fluid-bed system would r e q u i r e  a separate  r e a c t o r  to  conduct t o  
completion the vola t i le -mat te r  hydrogenating r e a c t i o n s ,  and a second 
vesse l ,  immediately below t h e  f i r s t ,  :o g a s i f y  r e s i d u a l  carSon with 
oxygen and steam. The hot gases  f r o n  the second vesse l  would be 
passed d i r e c t l y  i n t o  t h e  hydrogenation r e a c t o r .  

1) Hydrogen separat ion by methane l i q u e f a c t i o n ,  coupled w i t h  hydrogen 
recyc le ,  appears t o  be an  a t t r a c t i v e  approach for p i p e l i n e  gas 
production and therefore  should be f u r t h e r  explored f o r  p o t e n t i a l  
a p p l i c a t i o n  t o  present  c o a l  hydrogenation methods under labora tory  
i n v e s t i g a t i o n .  

p o t e n t i a l  impEovements i n  g a s i f i c a t i o n  e f f i c i e n c y  and o q g e n  re- 
quirement p e r  unit volume of p ipe l ine  gas produced. 

Since the use of oxygen i s  the preferred method of supplying Ghe 

From the  r e s u l t s  of  t h i s  f e a s i b i l i t y  study i t  can be concluded: 

2 )  The use of hydrogen recyc le  t o  t h e  Lurgi pressure g a s i f l e r  o f f e r s  
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